Abstract: An approach to achieving a highly selective and stable microwave photonic filter (MPF) with two passbands independently tunable is presented. The dual-passband MPF is realized based on phase-to-intensity modulation conversion by stimulated Brillouin scattering. In the proposed scheme, a freely tunable two-tone pump is generated by passing the optical carrier through two cascaded dual-parallel Mach-Zehnder modulators (DPMZMs), with one acting as a frequency shifter with assistance of an electrical 90°hybrid and the other one working at carrier-suppressed double-sideband modulation mode to generate two-tone pump. The two passband locations of the MPF can be freely set by adjusting the frequencies of the two single-tone signals applied to the two DPMZMs. In the experiment, a dualpassband MPF with flexible passband tunability and shape-invariant tuning is demonstrated in the frequency range of 0-9.644 GHz, where the out-of-band rejection ratio and the 3-dB bandwidth of the passbands are measured to be larger than 25 dB and smaller than 55 MHz, respectively. The proposed MPF scheme also has the ability to tailor the shape and the width of the two passbands, which is a promising solution to achieve a freely programable dual-passband MPF.
Freely Tunable Dual-Passband Microwave
Photonic Filter Based on Phase-to-Intensity Modulation Conversion by Stimulated Brillouin Scattering
Introduction
In recent years, dual-passband microwave filters have attracted great interest due to their application in multiband microwave systems such as modern wireless systems for mobile and satellite communication [1] , [2] . For example, wireless local area network (WLAN) is working at 2.4 GHz and 5 GHz under technical criterion 802.11ac, which requires a dual-passband microwave filter with its passbands located at exact frequencies. Tunability of microwave filters is another consideration, which is of great concern in modern reconfigurable microwave systems [3] . Nevertheless, traditional dual-passband microwave filter is realized through using a single resonator or multi coupled ones in the electrical domain, which has poor tunability and a small frequency tuning range [4] , [5] . Microwave photonic filters (MPFs), which process microwave signals in the optical domain, are recognized as a promising solution to overcome the above-mentioned bottleneck of the electronic filter [6] - [10] . To date, several approaches to achieving tunable dual-passband MPFs have been presented [11] - [16] . In [11] and [12] , dual-passband MPFs are realized based on multi-tap delayline configuration, in which a fiber-based Mach-Zehnder interferometer is employed to slice the spectrum of a broadband optical source, and then the modulated light passes through a dispersive medium to achieve filtering. In this technique, the central frequencies of the passbands are tuned by changing the length of the variable optical fiber delay line in the Mach-Zehnder interferometer used as a spectrum slicer. The main drawback is that the passband shape and width will change a lot if the frequency tuning range is large. In [13] and [14] , MPFs with two independently tunable passbands are demonstrated by employing two tunable laser sources and phase-to-intensity modulation conversion through a phase-shifted fiber Bragg grating (PS-FBG). In this technique, the central frequencies of the two passbands are determined by the difference between the central frequencies of the two optical sources and the central frequency of the notch in the reflection spectrum of the PS-FBG. The main problem lies in the poor stability induced by the fluctuation of the frequency difference between the laser source and grating reflection notch. Stimulated Brillouin scattering (SBS) effect, on account of its advantages of narrow band (∼30 MHz@1550 nm) and single optical source operation ability, is regarded as a promising candidate to realize highly-selective and stable MPFs, and has already been utilized to realize tunable dual-passband MPFs in recent years [15] , [16] . In [15] , a continuous light wave passes through an optical frequency shifter driven by two radio frequency (RF) tones to generate a two-tone pump, which is then used to amplify the modulation sidebands of an intensity-modulated light wave to realize a freely tunable dual-passband MPF. In fact, this scheme is a gain-selective equivalent dual-passband MPF, in which the signal located in the stopband will actually not be suppressed. In [16] , an ultra-narrow dual-passband MPF is realized by using a two-tone pumped SBS to achieve phase-to-intensity modulation conversion, in which the two-tone pump light is generated by modulating the optical carrier in carrier-suppressed double-sideband (CS-DSB) modulation mode. In this scheme, the frequency separation between the two passbands can be tuned through adjusting the microwave frequency applied to the MachZehnder electro-optic modulator. However, the two central frequencies of the passbands are always symmetric about the frequency equal to the Brillouin frequency shift, which puts a limit to free tuning. In this paper, a novel MPF scheme with two independently tunable passbands is proposed and experimentally demonstrated based on phase-to-intensity modulation conversion by using twotone pumped SBS. In this scheme, freely tunable two-tone pump is generated via two cascaded dual-parallel Mach-Zehnder modulators (DPMZMs), where one DPMZM is working under carriersuppressed single-sideband modulation (CS-SSB) mode to act as an electro-optic frequency shifter, and the other DPMZM is working under CS-DSB modulation mode to generate a two-tone pump. Either SBS gain or loss effect can be employed to achieve phase-to-intensity modulation conversion in this scheme. Experimental results demonstrate a highly-selective and stable dual-passband MPF with flexible passband tunability and shape-invariant tuning, in which either of the passbands can be continuously tuned in the frequency range of 0-9.644 GHz. In addition, the out-of-band rejection and the 3-dB bandwidth of the passbands are measured to be larger than 25 dB and smaller than 55 MHz, respectively. Fig. 1 shows the schematic diagram and operation principle of the proposed dual-passband MPF. Continuous-wave (CW) light from the distributed feedback laser diode (DFB-LD) is split into two branches by an optical coupler (OC). In the upper branch, the light wave propagates through a phase modulator (PM), and is modulated by the input RF signal. Then, the phase modulated light wave propagates through the high nonlinear fiber (HNLF), in which SBS is employed to achieve frequency-selective phase-to-intensity modulation conversion and finally realize RF filtering after photodetection. In order to obtain two stable and freely-tunable passbands, a two-tone pump with its central frequencies programmable is generated by propagating the light wave in the lower branch through two cascaded dual-parallel Mach-Zehnder modulators (DPMZMs). The first DPMZM with its two sub Mach-Zehnder modulators (sub-MZMs) biased at minimum transmission point and parent Mach-Zehnder modulator (p-MZM) biased at quadrature point is used as a frequency shifter with assistance of an electrical 90°hybrid. The second DPMZM biased at its minimum transmission point is used as a two-tone generator. In the proposed MPF scheme, the locations of the two passbands can be freely varied through changing the frequencies of the two single-tone RF signals (i.e., RF1 and RF2 in Fig. 1 ) loaded on the two DPMZMs. Either Brillouin loss or gain spectra generated by the two-tone pump can be exploited to achieve frequency-selective phase-to-intensity modulation conversion as shown in Fig. 1 , which is called loss mode and gain mode, respectively. Switch between the two operation modes can be achieved by simply switching the bias point of the p-MZM in the first DPMZM between the quadrature point at the rising edge and that at the falling edge of the transmission curve. The detailed operation principle of the freely tunable dual-passband MPF working at loss mode and gain mode is described as follows.
Operation Principle
For the freely tunable dual-passband MPF working at loss mode, the first DPMZM combined with the electrical 90°hybrid is working as a frequency downshifter. Hence, the light wave (f c ) split into the lower branch is downshifted to a frequency of f c − f , where f is the frequency of the singletone RF signal loaded on the first DPMZM. After power boosting by an erbium-doped fiber amplifier (EDFA), the frequency-shifted light wave propagates through the second DPMZM which is biased at null point and driven by another single-tone RF signal with a frequency of f m . Therefore, a tow-tone pump with frequencies of f c − f − f m and f c − f + f m is generated. After power boosting by another EDFA, the tow-tone pump enters the HNLF through an optical circulator, and counter-propagates with the phase-modulated light wave in the upper branch. The pump generates two Brillouin loss spectra at the vicinity of f c − f − f m + f B and f c − f + f m + f B , where f B is the Brillouin frequency shift in the HNLF. As a result, the sidebands of the phase-modulated light falling into the Brillouin loss spectra are attenuated, which breaks the amplitude balance of the phase-modulated sidebands and achieves frequency-selective phase-to-intensity modulation conversion. After photodetection, two RF passbands occur at the vicinity of |f + f m − f B | and |−f + f m + f B |. Therefore, the locations of the two passbands can be freely varied through changing f and f m independently.
Similarly, for the freely tunable dual-passband MPF working at gain mode, the light wave (f c ) split into the lower branch is upshifted to a frequency of f c + f after passing through the first DPMZM. Then, after propagating through the second DPMZM, a tow-tone pump with frequencies of f c + f − f m and f c + f + f m is generated, which produces two Brillouin gain spectra at the vicinity of f c + f − f m − f B and f c + f + f m − f B . Hence, the sidebands of the phase-modulated light wave falling into the Brillouin gain spectra are amplified, which leads to frequency-selective phase-tointensity modulation conversion. After photodetection, two RF passbands occur at the vicinity of |f + f m − f B | and |−f + f m + f B |, which are identical to those in the loss mode and can be freely tuned by changing f and f m independently.
Finally, it should be pointed out that the proposed MPF scheme has some special cases to achieve only a single passband. The first one is f = f B , in which two Brillouin loss spectra or Brillouin gain spectra are symmetric about the optical carrier. The second one is f = f m + f B or f = f B − f m , in which one Brillouin loss spectrum or gain spectrum is located at the same position of the optical carrier.
Experimental Results and Discussion
An experiment based on the configuration shown in Fig. 1 is carried out. The CW optical carrier at 1549.92 nm and with a power of 9.8 dBm from a DFB-LD is split by a 3-dB OC into two branches, with the light wave from the upper branch being phase modulated by the input RF signal at a 12.5 Gb/s electro-optic phase modulator (COVEGA LN53S-FC), and that from the lower branch passing through two cascaded 40 Gb/s DPMZMs (COVEGA Mach-40086) to generate a two-tone pump. A tunable single-tone RF signal from a microwave source (R&S SMB100A) is sent to the first DPMZM (with its two sub-MZMs biased at minimum transmission point and p-MZM biased at quadrature point) via an electrical 90°hybrid (ABACUS MICROWAVE 9-010180, 1-18 GHz) to realize CS-SSB modulation. Another tunable single-tone RF signal from a microwave source (R&S SMB100A) is sent to one RF port of the second DPMZM biased at its minimum transmission point to realize CS-DSB modulation. The reason of employing a DPMZM instead of a MZM to realize CS-DSB modulation is that it can achieve a high carrier suppression ratio through properly setting the bias voltage of its two sub-MZMs. In addition, two EDFAs (Amonics AEDFA-IL-23-B-FA) are used to compensate the loss introduced by the two DPMZMs and boost the power of the two-tone pump, respectively. In the experiment, the two-tone pump power injected into the HNLF is 6 dBm, which is not required to reach the Brillouin threshold. A 20 Gb/s photodetector (HP 11982A) is utilized to achieve photoelectric conversion after phase-to-intensity modulation conversion. The SBS gain fiber is a spool of HNLF (OFS HNLF Standard) with a length of 1 km and a group-velocity dispersion (GVD) coefficient of 2 ps/nm/km, which has a large Brillouin gain coefficient and a negligible influence of GVD on phase-to-intensity modulation conversion. A 50 GHz vector network analyzer (VNA Agilent N5235A), with its RF output port connected to the phase modulator and its RF input port connected to the photodetector, is used to test the frequency response of the MPF. Fig. 2 shows the measured Brillouin gain spectrum of the HNLF by using the optical vector analysis method based on single-sideband modulation [17] . It can be seen from Fig. 2 that the Brillouin frequency shift f B of the HNLF is 9.644 GHz, and the measured 3-dB bandwidth is 34 MHz. Fig. 3(a) and (b) present the output optical spectra after the first and the second DPMZM, respectively. It can be seen that the suppression ratio of the carrier and the residual 1st-order sideband is over 30 dB in the CS-SSB modulation, and the carrier suppression ratio is over 20 dB in the CS-DSB modulation. Therefore, a relatively pure two-tone pump is generated in the experiment.
Firstly, f m is set to be 5.000 GHz, and f is varied from 6.500 GHz to 9.000 GHz with a step of 0.500 GHz. These frequency settings guarantee that the two Brillouin loss spectra (or gain spectra) are located at either side of the optical carrier as shown in Fig. 1 . Fig. 4(a) and (b) exhibit the measured frequency response of the MPFs working at loss and gain mode, respectively. It can be seen from Fig. 4 that the two passbands of the MPFs are tuned symmetric about the frequency of 5.000 GHz, with an out-of-band rejection ratio over 25 dB during the tuning process. Therefore, in such a case, the two passbands can be tuned symmetric about f m by varying f . The bandwidth Fig. 4 . Frequency response of the MPFs working at (a) loss mode and (b) gain mode, when f m is set to be 5.000 GHz, and f is varied from 6.500 GHz to 9.000 GHz with a step of 0.500 GHz.
of the MPF passband is measured to be approximately 45 MHz and 55 MHz when the MPF is working at gain mode and loss mode, respectively, both of which are larger than the measured Brillouin gain spectrum bandwidth in Fig. 2 . This is attributed to the different pump power used in these experiments. In Fig. 2 , SBS is working in small-signal gain condition, whereas it is working in gain-saturation condition in Fig. 4 . Therefore, when the magnitude response of the MPF is measured through frequency sweeping by an electrical network analyzer, the gain-saturation effect broadens the measured bandwidth of the MPF passbands. The reason why the MPF bandwidth at loss mode is larger than that at gain mode is due to the fact that, at loss mode, the modulation sidebands actually act as the pump to amplify the two-tone pump. Consequently, SBS is working in deep gain-saturation condition at loss mode due to the small power of the modulation sidebands, which further broadens the measured MPF bandwidth. In addition, it can be noted in Fig. 4 that the magnitude response of the MPFs decreases in the high frequency range, which is attributed to the degraded frequency response of the phase modulator used in the experiment. Compared with the MPF working at loss mode, the one working at gain mode has a higher amplitude response, which is attributed to the Brillouin amplification of the corresponding modulation sidebands. However, the noise floor of the MPF working at gain mode also increases due to spontaneous Brillouin scattering as shown in Fig. 5(b) . A simulation is carried out to evaluate the influence of the GVD in the HNLF on the phase-to-intensity modulation conversion. The results indicate that, in the frequency range of 0-10 GHz, the output RF power introduced by the GVD-induced phase-to-intensity modulation conversion is over 45 dB smaller than the output RF power after frequency-selective phase-to-intensity modulation conversion (i.e., in the MPF passbands). Therefore, the GVD-induced phase-to-intensity modulation conversion has a negligible influence on the out-of-band rejection ratio of the MPF in the experiment.
Then, f is set to be 8.000 GHz, and f m is varied from 3.000 GHz to 8.000 GHz with a step of 1.000 GHz. These frequency settings also guarantee that the two Brillouin loss spectra (or gain spectra) are located at either side of the optical carrier as shown in Fig. 1. Fig. 5(a) and (b) present the measured frequency response of the MPFs working at loss and gain mode, respectively. It can be seen from Fig. 5 that the two passbands of the MPFs are tuned with a fixed frequency difference of 3.288 GHz and an out-of-band rejection ratio over 25 dB during the tuning process. Therefore, in such a case, the two passbands can be tuned with a fixed frequency difference of 2|f B − f | by varying f m . It can also be noted in Fig. 5 that, when f m is set to be 8.000 GHz, the high-frequency passband response is larger than the low-frequency passband response. This is attributed to the fact that the power of one pump is increased since it is located at the same position of the carrier, and the carrier is not completely suppressed in the CS-SSB modulation. In addition, it can be seen Fig. 5 . Frequency response of the MPFs working at (a) loss mode and (b) gain mode, when f is set to be 8.000 GHz, and f m is varied from 3.000 GHz to 8.000 GHz with a step of 1.000 GHz. from Fig. 5 that there are some minor passbands at the high-frequency range (e.g., the one located at 7.644 GHz when f m is set to be 3.000 GHz, and the one located at 9.644 GHz when f m is set to be 4.000 GHz). These minor passbands are generated by the 2nd-order sidebands in the pump as shown in Fig. 3(b) , which can be suppressed by decreasing the modulation depth or finely adjusting the bias voltage applied to the second DPMZM.
Based on the above experiments, it can be seen that the two passbands of the MPF can be freely located through properly setting f and f m . As an example, an MPF with two passbands located at 2.400 GHz and 5.000 GHz is designed and implemented, in which f and f m are set to be 8.344 GHz and 3.400 GHz, respectively. The MPF is working at gain mode. Fig. 6 shows the measured frequency response of the designed dual-passband MPF. It can be seen from Fig. 6 that the two passbands are located at 2.401 GHz and 4.999 GHz, with an out-of-band rejection ratio over 30 dB and a 3-dB bandwidth about 45 MHz. The tiny frequency deviation from the designed values is attributed to the temperature-induced Brillouin frequency shift fluctuation and the deviation of f from the microwave source (R&S SMB100A). Additionally, three polarization controllers are used to maximize and stabilize the output optical power of the corresponding modulators. In a practical implementation, the three polarization controllers are not necessary if the devices are connected by using polarization-maintaining fiber, and the polarization orientation of the laser output is aligned to that of the guided mode in the modulators, thus the MPF will achieve a stable performance.
It should be noted that the shape and the bandwidth of the two passbands can also be tailored by replacing the single-tone RF signal loaded on the second DPMZM with a well-designed electrical broadband signal [18] , [19] . The only requirement is that the duration of the electrical broadband signal is equal to or fractional multiple of the propagation time in the SBS gain fiber. Therefore, the proposed scheme is a promising solution to achieve a freely-programable dual-passband MPF.
Finally, it should be pointed out that, like other MPF schemes based on SBS, the two-tone pump-induced Brillouin gain spectra (or loss spectra) in loss mode (or gain mode) will also achieve frequency-selective phase-to-intensity modulation conversion in the high-frequency range and generate another two unwanted passbands. This puts an ultimate limit on the frequency tuning range of the dual-passband MPF. In addition, although the two Brillouin loss spectra (or gain spectra) are located at either side of the optical carrier in the experiment, they can also be simultaneously located at the low-frequency (or high-frequency) side of the optical carrier to realize a freely-tunable dual-passband MPF. For the MPFs with two Brillouin loss spectra (or gain spectra) located at either side of the optical carrier, the frequency tuning range is limited to f B . However, the requirement of f and f m is not high. For the MPFs with two Brillouin loss spectra (or gain spectra) simultaneously located at the low-frequency (or high-frequency) side of the optical carrier, the maximum frequency difference between the two passbands can reach 2f B , in which the central frequency between the two passbands are determined by f . This is different from the tuning method used in the experiment. Besides, the requirement of f is higher than that in the experiment.
Conclusion
In summary, we have proposed and experimentally demonstrated an approach to realizing a freelytunable dual-passband MPF based on phase-to-intensity modulation conversion by SBS. The kernel of this method is employing two cascaded DPMZMs to generate a two-tone pump with its frequencies freely-programable. The proposed method was experimentally evaluated, in which a highly-selective and stable dual-passband MPF with flexible passband tunability and shape-invariant tuning was realized. For MPFs working at either loss or gain mode, the two passbands were freely tuned in the frequency range of 0-9.644 GHz, where the out-of-band rejection ratio and the 3-dB bandwidth of the passbands were measured to be larger than 25 dB and smaller than 55 MHz, respectively.
